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Primary neoplasms of the central nervous
system (CNS) have a prevalence between 15,000
and 17,000 new cases annually in the United

States, and when metastatic lesions are included,
brain tumors are estimated to cause the deaths of
90,000 patients every year [1,2]. Gliomas remain
the most common primary CNS tumor, account-

ing for 40% to 50% of cases [3] and 2% to 3% of
all cancers [4]. Despite new techniques of treat-
ment, patient survival still remains low, varying

between 16 and 53 weeks [5].
For more than 40 years [6], nuclear magnetic

resonance has been used to analyze and assess

brain tumors. It is generally accepted that conven-
tional MRI, typically T1- and T2-weighted imag-
ing, tends to underestimate the extent of the tumor,

which can, in turn, lead to suboptimal treatment
[7]. New functional MRI (fMRI) sequences, such
as diffusion imaging, perfusion imaging, and
spectroscopic imaging, have been widely used to

evaluate such tumors. In this review, diffusion
tensor imaging (DTI), one of the newer methods, is
described, particularly the ability of DTI to aid in

differentiating a tumor from surrounding edema
and infiltrating tumor [8] and, to some extent, to
grade brain tumors [9].

Diffusion MRI

Physical basis

The random or Brownian movement of water
molecules is the basis of diffusion. In the brain, the

* Corresponding author.

E-mail address: sorensen@nmr.mgh.harvard.edu

(A.G. Sorensen).
1042-3680/05/$ - see front matter � 2004 Elsevier Inc. All ri

doi:10.1016/j.nec.2004.07.007
presence of tissue structures restricts free water
motion [10–12], for example, rendering the diffu-
sion of water molecules higher in the ventricles

than in the parenchyma. MRI makes it possible to
estimate the diffusivity of water molecules.

Because some pathologic processes seem to
change the characteristic of the brain diffusion

[13], diffusion-weighted imaging (DWI) has be-
come increasingly popular over the past few years.
In typical clinical practice, diffusion imaging is

used to assess acute cerebral ischemia [14–17],
where the water mobility acutely decreases after
the onset of ischemia. The mechanisms to explain

the decrease in diffusion coefficients are still
controversial. Failure of the Naþ/Kþ adenosine
triphosphatase pump is believed to play an impor-

tant role in this process, however, leading many to
term this state as cytotoxic edema [17,18]. Diffu-
sion imaging has also been successfully applied to
the evaluation of other neurologic conditions, such

as multiple sclerosis [19–22], encephalitis [23], and
Creutzfeldt-Jakob disease [24].

Most diffusion measurements today are made

using a variant of the diffusion-weighted sequence
first described by Stejskal and Tanner [25]. Their
initial approach described a spin echo (SE) se-

quence together with two equal and opposite extra
gradient pulses [25]; the amount of signal loss can
be related to the magnitude of diffusion. For
practical purposes, an echo planar imaging

(EPI), SE, T2-weighted sequence is used, causing
reduction of motion artifacts and speeding the
time of acquisition [26]. Stejskjal and Tanner’s [25]

approach uses two magnetic pulses or gradients to
label the spins: the application of the first diffusion
gradient causes a dephasing of water protons;
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Fig. 1. A 75-year-old woman with a glioblastoma multiforme. (A) Contrast-enhanced, axial, T1-weighted image shows

an enhancing necrotic mass surrounded by an abnormal hyperintense area on the axial T2-weighted image (T2WI).

(B) These abnormal hyperintense T2WI areas can represent peritumoral edema or infiltrating tumor. The tumor is

isohypointense on the T2WI, indicating high cellularity; this is also demonstrated as restricted diffusion on the diffusion-

weighted image (C) and apparent diffusion coefficient map (D).
because they move randomly, not all water pro-
tons are in place for rephrasing from the applica-
tion of the second diffusion gradient. Thus, there is
a signal decrease that depends on how far the

water molecules move [13]. The net signal on the
final diffusion-weighted image is therefore influ-
enced by the T2 tissue effect and by the tissue

diffusion characteristics. By acquiring an image
with little diffusion weighting and another image
with substantial diffusion weighting, the apparent

diffusion coefficient (ADC) can be calculated on
a voxel-by-voxel basis, allowing the generation
of a map that reflects solely the diffusion in-

fluence, excluding the T2 effects, which prevents
misinterpretation from the so-called ‘‘T2 shine-
through’’ effect [13,26].

Diffusion-weighted MRI in brain tumors

Although most of this review focuses on DTI,
a few words about the more common, nontensor
(or ‘‘trace-weighted’’) DWI approaches are ap-

propriate. DWI has been used to assess brain
tumors, and although it has had limited success as
a definitive prognostic tool, its proponents suggest

that in certain settings, it can increase the sensi-
tivity and specificity of MRI in the evaluation
of brain tumors by providing information about
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Fig. 2. An 84-year-old woman with a meningioma. An axial, postcontrast-enhanced, T1-weighted image (A) and an

axial T2-weighted image (B) show an extra-axial enhancing lesion in the right cerebellopontomedullary angle cistern.

Axial diffusion-weighted imaging (C) shows ‘‘T2-shine through,’’ whereas the apparent diffusion coefficient map (D)

demonstrates isointense signal intensity suggesting cellularity similar to that of brain tissue.
tumor cellularity, which may, in turn, improve
prediction of tumor grade. Some also suggest that

DWI can provide information about peritumoral
neoplastic cell infiltration [8,9,27–31].

One example of a specific helpful arena in

which DWI may be helpful is the distinction
between brain abscesses and necrotic and cystic
neoplasms on MRI. DWI can provide a sensitive
and specific method for differentiating tumor from

abscess in certain settings [32–35]. The abscesses
have a high signal on DWI and a reduced ADC
within the cavity. This restricted diffusion is

thought to be related to the characteristic of the
pus in the cavity. Because pus is a viscous fluid that
consists of inflammatory cells, debris, and macro-

molecules like fibrinogen [36], this may, in turn,
lead to reduced water mobility, lower ADC, and
bright signal on DWI. Conversely, necrotic and

cystic tumors display a low signal on DWI (similar
to the cerebrospinal fluid [CSF] in the ventricles),
with an increased ADC as well as isointense or
hypointense DWI signal intensity in the lesion
margins [34]. Although these findings can be

helpful, they are, of course, not absolute; under
certain conditions, restricted diffusion has been
documented in hemorrhagic metastases, radiation

necrosis, and cystic astrocytoma [37].
DWI is also an effectivewayof differentiating an

arachnoid cyst from epidermoid tumors [38]. Both
lesions present the same T1 and T2 signal intensity

characteristic ofCSF.OnDWI, epidermoid tumors
are hyperintense, because they are solidly com-
posed, whereas arachnoid cysts are hypointense,

demonstrating high diffusivity [38]. The ADC
values of epidermoid tumors are similar to those
of the brain parenchyma, whereas the ADC values

of arachnoid cysts are similar to those of CSF [39].
As a result, DWI can be used to assess follow-up of
surgically resected epidermoid tumors, proving

efficacious in the detection of residual lesions [40].
Another use for DWI has been to attempt to

assist in determination of the margins of tumors in
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Fig. 3. Diffusion tensor imaging color-coded map of a healthy volunteer. Locations of white matter tracts are assigned

on color maps. The direction of the main fiber tracts is represented by red (right-left), green-yellow (anterior-posterior),

and blue (superior-inferior). Several main fiber tracts visible on color maps are annotated on the basis of anatomic

knowledge. (A–D) Axial fractional anisotropic (FA) color maps. (E–H) Coronal FA color maps. (I, J) Sagittal FA color

maps. Mcp, middle cerebral peduncle; cst, corticospinal tract; cbt, corticobulbar tract; ml, medial lemniscus; icp, inferior

cerebellar peduncle; cg, cingulum; cc, corpus callosum; gcc, genu of corpus callosum; scc, splenium of corpus callosum;

arcr, anterior region of corona radiata; alic, anterior limb of internal capsule; plic, posterior limb of internal capsule; ec,

external capsule; sric, superior region of internal capsule; sfof, superior fronto-occipital fasciculus; ifof, inferior fronto-

occipital fasciculus; slf, superior longitudinal fasciculus; ilf, inferior longitudinal fasciculus.
the brain. High-grade tumors tend to spread
diffusely across the brain, moving along the fiber
tracts [41,42]. Some studies have demonstrated the
capability of DWI to discriminate the tumor, the

infiltrating tumor, the peritumoral edema, and
the normal brain parenchyma [8,9,14,43]. Other
studies did not find any advantages of this method

with regard to the evaluation of tumor extensions
[44–46], however, likely because of the difficulty of
finding any border even on histopathologic exam-

ination of some tumors.
Perhapsmost helpfully, DWI has been shown to
assist in assessing the cellularity of tumors [44]. In
some studies, high-grade tumors have been found
to have low ADC values (Fig. 1). This suggests

a correlation between the ADC values and tumor
cellularity [46,47], with lower ADC values suggest-
ing high-grade lesions [46,48]. In some studies,

however, ADC values found in high- and low-
grade gliomas have overlapped somewhat [46].
Lymphoma, a highly cellular tumor, has hyper-

intensity on DWI and reduced ADC values [49],
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Fig. 3 (continued)
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Fig. 4. A 47-year-old man with medulloblastoma. A heterogeneous mass with intratumoral hemorrhage (A) surrounded

by peritumoral vasogenic edema (B) is located in the right cerebellum hemisphere. This mass causes compression and

distortion of the fourth ventricle. (C) Tractography demonstrates contralateral displacement of the corticospinal tract

without clear evidence of invasion or disruption of these fibers.
and it may be in differentiating lymphoma from
other CNS lesions that DWI has its greatest value.
Although meningiomas also have a restricted dif-
fusion, displaying low ADC values (Fig. 2) [46],

they rarely present difficulty in diagnosis. Metas-
tases with perilesional edema have higher ADC
values than a primary brain tumor with peritu-

moral edema, and some have suggested that this
may allow better differentiation [28].

Finally, DWI may be useful for posttreatment

assessment, demonstrating acute postoperative
procedure–induced changes [50] but, more impor-
tantly, possibly providing an early surrogate

marker for the efficacy of the chemotherapeutic
treatment [51,52], because such treatments may
cause cytotoxic or vasogenic edema that DWI can
differentiate and monitor. DWI also has been
suggested as a tool for monitoring the effective-
ness of radiation therapy [2] In summary, DWI
has a limited prognostic role but may become an

important tool in assessing the response to radi-
ation therapy and chemotherapy [2] as well as the
complications related to each type of therapy

[53,54].

Diffusion tensor MRI

Physical basis

The movement of water occurs in all three
directions and is assumed to behave in a manner
that physicists can describe using a Gaussian
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approximation. When water molecules diffuse
equally in all directions, this is termed isotropic
diffusion. This phenomenon is typical in the ven-
tricles, and at the resolution of standardMRI, also

seems to be the case in the gray matter. In the white
matter, however, free water molecules diffuse
anisotropically, that is, the water diffusion is not

equal in all three orthogonal directions [55,56,61].
This is likely because tissue structures cause
impediment of the water motion; these structures

likely include the cell membranes but, more im-
portantly, the myelin sheath surrounding mye-
linated white matter [57]. Put another way,

isotropic diffusion can be graphically represented
as a sphere [58], whereas anisotropic diffusion can
be graphically expressed as an ellipsoid [58], with
water molecules moving farther along the long axis

of a fiber bundle and less movement perpendicu-
larly [59].

To estimate the nine tensor matrix elements

required for a Gaussian description of water
mobility, the diffusion gradient must be applied
to at least six noncollinear directions (only six of

the nine elements are unique under this assump-
tion) [60]. The eigenvalues represent the three
principal diffusion coefficients measured along the

three coordinate directions of the ellipsoid [59].
The eigenvectors represent the directions of the
tensor [60]. Because interpreting a tensor repre-
sentation can be difficult, scalar metrics have been

proposed to simplify DTI data [57]. For example,
fractional anisotropy (FA) measures the fraction
of the total magnitude of diffusion anisotropy. FA
values vary from complete isotropic diffusion
(graded as 0) up to complete anisotropic diffusion
(graded as 1) [57,58].

In addition to assessment of the diffusion in
a single voxel, DTI has been used to attempt to
map the white matter fiber tracts. This is typically

done by connecting a given voxel to the appro-
priately adjacent voxel in accordance with the
direction that the voxel’s principal eigenvector is

oriented [62,63]. A color-coded map of fiber
orientation can also be determined by DTI [64].
A different color has been attributed to represent

a different fiber orientation along the three
orthogonal spatial axes: in the standard conven-
tion, red stands for the left-to-right direction of
x-oriented fibers, blue stands for the superior-

to-inferior direction of y-oriented fibers, and
green stands for the anterior-to-posterior direc-
tion of z-oriented fibers (Fig. 3) [64,65].

Diffusion tensor MRI in brain tumors

Often, a primary aim of surgical brain tumor
treatment is complete lesion resection without
harming vital brain functions [66,67]. Because it

is generally accepted that conventional MRI
underestimates the real extent of the brain tumor,
given its ability to verify neoplastic cells that

infiltrate peritumoral areas of abnormal T2-
weighted signal intensity [68], many practitioners
are uncomfortable using only conventional MRI
Fig. 5. A 42-year-old man with a diagnosis of a low-grade astrocytoma presented with early onset of focal seizures. (A)

The MRI examination demonstrates an expansive lesion in the perirolandic area, which does not have hyperperfusion.

(B) The mass lesion causes displacement of the main fiber tracts adjacent to the tumor, which is well demonstrated on

tractography. There seems to be no invasion or disruption of these tracts.
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Fig. 6. An invading brain stem lesion that extends to the right cerebellum hemisphere though the middle cerebellar

peduncle in a 40-year-old man who presented with left sixth cranial nerve palsy. The diagnosis of gliomatosis cerebri was

made after a biopsy. The lesion does not enhance on the postcontrast T1-weighted image (A), has hyperintense signal on

the T2-weighted image (B), and causes minimum expansion of the brain stem. Magnetic resonance spectroscopy shows

a high myoinositol peak, a moderately high choline peak, and a subtle reduction on the N-acetylaspartate peak (not

shown). The diffusion tensor imaging–fractional anisotropy maps (C–F) and tractography (G, H) demonstrate that the

main brain stem fiber tracts are preserved. This is probably explained by the fact that gliomatosis cerebri is a diffusely

invading lesion that preserves the normal underlying cytoarchitectural pattern because it does not destroy the nerve

fibers.
approaches. By examining the microscopic tissue
environment, DTI may be able to delineate the
tumor versus the infiltrating tumor between the
peritumoral edema and normal brain parenchyma

more accurately, which, in turn, may help to
optimize the treatment of patients [69]. Although
this remains to be proven, it does appear

from straightforward inspection that DTI seems
to be able to illustrate the relation of a tumor
to the nearby main fiber tracts (Fig. 4). Because

of this, many have begun to suggest that DTI
might be used to aid in surgical planning [70]
as well as radiotherapy planning [71] and to
monitor tumor recurrence and the response to
the treatment [72]. Examples of these applications

are given below.

Tumor grading

As mentioned previously, DWI (nontensor
diffusion) seems to provide some utility in tumor
grading by assessment of tumor cellularity. To
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Fig. 6 (continued)
date, the additional information provided by DTI
has not been shown to correlate with tumor
cellularity [73], although in one series that evalu-

ated epidermoid tumors with DTI, FA values were
high, probably because of the high packing density
of the cells and their solid-state cholesterol [74].

Presurgical planning

Much more enthusiasm has been shown for
using DTI to illustrate the relation of a tumor to

neighboring white matter tracts, with initial re-
ports suggesting that this may be feasible [74].
DTI seems to be the only noninvasive method of

obtaining information about the fiber tracts and is
able to suggest them three dimensionally, al-
though the validity of these suggestions remains

to be studied carefully. Many practitioners accept
an underlying assumption that the chief cause of
anisotropy is related to the white matter bundles;
with this assumption, the involvement of the white
matter tracts can often be clearly identified in
brain tumor patients by using anisotropic maps

(the FA maps are the most widely used) and so-
called ‘‘diffusion tractography,’’ where images of
the mathematically described connections be-

tween voxels are generated.
White matter involvement by a tumor can be

arranged into five different categories as follows:

1. Displaced: maintained normal anisotropy
relative to the contralateral tract in the

corresponding location but situated in an
abnormal T2-weighted signal intensity area
or presenting in an abnormal orientation

2. Invaded: slightly reduced anisotropy without
displacement of white matter architecture,
remaining identifiable on orientation maps

3. Infiltrated: reduced anisotropy but remaining
identifiable on orientation maps
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Fig. 7. A nonenhancing insular anaplastic astrocytoma lesion in a 56-year-old man (A), in which the relative cerebral

blood volume map (B) demonstrates some areas of hyperperfusion within the lesion. There is infiltration of the

corticospinal tract and corona radiata as well as of the superior longitudinal fasciculus on the axial (C) and coronal (D,

E) diffusion tensor imaging (DTI)–fractional anisotropy maps and of the left corticospinal fibers tracts on tractography

(F). DTI shows reduced anisotropy, but the main tracts remain identifiable on tractography.
4. Disrupted: marked reduced anisotropy and
unidentifiable on orientation maps

5. Edematous: maintained normal anisotropy
and normally oriented but located in an

abnormal T2-weighted signal intensity area
[75]

The neoplastic cells and the peritumoral edema

cause changes in the brain structure; typically,
measurement of diffusion anisotropy from the
normal brain parenchyma up to near the tumor

demonstrates a decrease in FA values [1].
Displacement rather than destruction of white

matter fibers around low-grade gliomas has been
described [71,76]. Low-grade neoplasms (Fig. 5)
are well-circumscribed lesions that do not cause
invasion or destruction of fiber tracts. These
lesions tend to produce a deviation of surrounding
white matter fibers. A study described a case in

which the corticospinal tract (CST) had been
infiltrated by an oligodendroglioma, although it
spared the motor strip and the posterior limb of

the internal capsule [77]. Displacement rather than
infiltration of the adjacent white matter tracts has
also been described in cerebral metastases [71] and

meningiomas [78].
The main fiber tracts are invaded in cases of

gliomatosis cerebri (Fig. 6), which has a specific

histopathologic behavior. The neoplastic cells
form parallel rows among nerve fibers, preserving
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Fig. 7 (continued)
them; however, there is destruction of myelin
sheaths. Thus, the anisotropy is slightly reduced
when compared with normal subjects but greater
than it is when compared with high-grade glio-

mas. The main fiber tracts remain identifiable on
orientation maps and on the tractography.

The anisotropy in the T2-weighted hyperintense

area that surrounds the tumor is reduced because of
infiltration of neoplastic cells. Compared with the
contralateral hemisphere in patients with high-

grade gliomas (but not with low-grade gliomas or
cerebral metastases) (Fig. 7), the anisotropy is also
low in the white matter areas adjacent to tumors

that look normal on T2-weighted images [71]. The
same situation can be observed in lymphoma
(Fig. 8). When compared with the abnormal white
matter adjacent to metastases, Jellison et al [79]

demonstrated decreased anisotropy of the abnor-
mal white matter that surrounds the gliomas
(Fig. 9). FA values decrease in the abnormal area

that surrounds high-grade tumors on T2-weighted
imaging. This presumably happens because of
increased water content and tumor infiltration. A

major brain structural disorganization then occurs
[72]. Further study is necessary in this arena,
because conflicting results have been described,
with no difference found in FA value analyses of

abnormal white matter adjacent to high-grade
gliomas and metastases [72] in some studies.

The tract disruptionmostly found in high-grade

tumors (Fig. 10) may be caused by peritumoral
edema, tumor mass effect, and tumor infiltration
effect [71,78]. The anisotropic maps and tractog-

raphy show destruction or discontinuation of the
fiber tracts because of local tumor cell invasion
(Fig. 11).

Metastatic lesions are surrounded by abnormal
T2-weighted imaging that may consist of vaso-

genic edema. The edematous areas have reduced
FA values. This fact can be explained by the
increase in water content rather than by destruc-

tion or infiltration of nerve fibers. DTI did not help
to differentiate apparently normal white matter
from edematous brain and enhancing peritumoral

margins [69]. The drop in FA values of the area
infiltrated by cell tumors is lower than in the
peritumoral edema [1,70,75]. DTI can distinguish

the edematous areas with intact fibers mostly
found in metastases (Fig. 12) from the disrupted
fibers mostly found in high-grade gliomas [80].

In short, DTI is gaining support as a preoper-

ative MRI method of evaluating brain tumors
closely related to eloquent regions [75]. DTI seems
to be particularly advantageous for certain types

of surgical planning, optimizing the surgical
evaluation of brain tumors near white matter
tracts. Formal studies demonstrating that DTI

can successfully prevent postoperative complica-
tions have yet to be performed, but preliminary
data look promising [80].

Combination of diffusion tensor imaging with
functional MRI

Intracranial neoplasms may involve the func-

tional cortex and the corresponding white matter
tracts. The preoperative identification of eloquent
areas through noninvasive methods, such as blood
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Fig. 8. A 50-year-old man with a histopathologic diagnosis of lymphoma complained of mental disturbance, cognitive

impairment, and seizures. A contrast-enhanced, axial, T1-weighted image (A) demonstrates an enhancing lesion that

involves the corpus callosum, surrounded by peritumoral edema/infiltrating lesion (B) associated with subependymal

enhancement caused by cerebrospinal fluid dissemination. The axial fractional anisotropy color-coded map (C)

demonstrates the infiltrating aspect of the lesion. The anisotropy in the splenium of the corpus callosum is markedly

reduced.
oxygen level dependent (BOLD) fMRI and DTI
tractography, offers some advantages; not only
can it reduce the time of surgery in some instances,
but it may minimize some intraoperative cortical

stimulation methods, such as identification of the
language cortex [80].

Until recently, preoperative and perioperative

methods to evaluate brain function of patients
with brain tumors were restricted to cortex
activation. Increasingly, investigators are begin-

ning to combine fMRI with DTI. The attraction is
that fMRI can be an accurate and noninvasive
method for mapping functional cerebral cortex,

identifying eloquent areas in the cortex and
displaying their relation to the lesion [81], whereas
DTI may be able to identify the main fiber tracts
to be avoided during surgery so as to safely guide
a tumor resection [1]. Consequently, the combi-

nation of DTI tractography and fMRI might
allow us to map an entire functional circuit
precisely [82]. Even though fMRI locates eloquent

cortical areas, determination of the course and
integrity of the fiber tracts remains essential to the
surgical planning [80,83].

This identification of the fiber tracts can
facilitate the decision-making process regarding
the likelihood of an operation [1]. As a result,

neurosurgeons may have more information to
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Fig. 9. (A, B) An expansive and infiltrating lesion in a 73-year-old man with left hemiparesis and seizures, with the

diagnosis of glioblastoma multiforme. The lesion has hyperperfusion, markedly elevated choline and lactate/lipid peaks,

and a low of N-acetylaspartate peak. (C, D) Coronal diffusion tensor imaging–fractional anisotropy maps show that the

lesion dislocates and infiltrates the corticospinal tract and the superior longitudinal fasciculus. There is also distortion of

the corpus callosum.
inform the choice of surgical approach to be
taken. This better evaluation of risks by neuro-

surgeons is possible if they can know the spatial
relation between the tumor and major fiber tracts
[63] and thereby avoid postoperative neurologic

deficit [2,83]. This remains to be proven in
randomized trials, however.

Many investigators hope that the combined
use of fMRI and DTI tractography might define

the structural basis of functional connectivity in
normal and pathologic brains [84]. As a conse-
quence of the mass effect and changes in the

structure of the brain caused by tumor, the
identification of eloquent areas through conven-
tional MRI results is, so to speak, impossible.
Because fMRI is able to depict the exact location
of the motor cortex in many instances, it should

be possible to delineate the CST by DTI tractog-
raphy. In one previous report [78], the authors
used the motor cortex identified by fMRI as

a starting point to trace the CST by DTI
tractography. This approach could eventually be
extended to other tracts as well.

The neurosurgical navigation system is a real-

time device that provides a probe-guided intra-
operative MRI (iMRI) display of the brain [85].
This system has already been widely used and is

able to combine the information of fMRI [80,85]
with that of DTI tractography [82,86], or even of
both together [78,81].
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Fig. 10. A 56-year-old man with an anaplastic astrocytoma presented with right hemiparesis. The contrast-enhanced T1-

weighted image (A) shows a left frontal lesion that has hyperperfusion on the relative cerebral blood volume map (B)

(note the black signal caused by excessive enhancement with resulting T1 effect). (C, D) The axial diffusion-tensor

imaging–fractional anisotropy maps demonstrate disruption of the left corona radiata (arrow).
Intraoperative utility of diffusion tensor imaging

iMRI has been used to guide a brain tumor
resection. Such image-guidance systems can help
to determine the optimal placement for the
craniotomy.

Because surgical manipulations and maneu-
vers alter the anatomic position of brain struc-
tures and the tumor [87], morphologic changes of

the brain may also occur between the time of the
preoperative MRI examinations and the time of
the surgery [88]. For this reason, the exact

location of brain tumors based on preoperative
examinations may not be the same. Because of
this, iMRI has been proposed as a possible way to

enable neurosurgeons to optimize their surgical
approaches by avoiding critical structures and the
adjacent normal brain parenchyma [87]. Some
reports suggest that in 65% to 92% of the cases
in which neurosurgeons believed they have per-

formed a complete and thorough tumor resec-
tion, iMRI still depicts a lesion to be resected
[89,90]. This is particularly relevant in low-grade

gliomas, because studies suggest that total re-
section leads to a higher probability of cure.
During surgery, however, such lesions can be

difficult to differentiate from the normal brain
parenchyma.

iMRI can be performed together with some

functional sequences, such as fMRI [85] and
diffusion imaging [82]. In one study, intraoper-
ative diffusion imaging was performed during
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Fig. 11. A 57-year-old man with glioblastoma multiforme presented with right hemiparesis and seizures. An expansive,

infiltrating, and enhancing left insular lesion with intratumoral hemorrhage (A) and hyperperfusion (B) is demonstrated.

Axial (C, D) and coronal (E) diffusion tensor imaging–fractional anisotropy maps and tractography (F) show dislocation

and disruption of the main fiber tracts, such as the anterior and posterior portions of the internal capsule and the

superior longitudinal fasciculus.
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Fig. 12. A 50-year-old woman with new onset of seizures and a history of breast cancer. A round rim-enhancing lesion

with a necrotic center (A) and hyperperfusion (B) is surrounded by peritumoral edema consisting of breast cancer

metastasis. Axial (C) and coronal (D) diffusion tensor imaging–fractional anisotropy (FA) maps show the edematous

changes in the FA values. Thus, it is difficult to identify the main fiber tracts within the vasogenic edema. This does not

necessarily mean that these fibers are infiltrated with tumor or disrupted, however.
neurosurgery for the resection of a tumor using an
interventional MRI system [82].

Intraoperative development of hyperacute ce-
rebral ischemia had been previously detected in
two patients, and this was confirmed later by

a follow-up MRI examination. DTI, together with
a neuronavigation system, was performed in a third
patient as an integral part of an image-guided
tumor resection. After processing the DTI data,

DTI tractography was performed. The relation of
the tumor to the anatomy of the white matter fiber
tracts adjacent to it was clearly and plainly

demonstrated in a case of oligodendroglioma.
The fiber tracts were displaced, without being
infiltrated or disrupted by the tumor. The
complete tumor resection was performed without
any postoperative neurologic deficit. Although

anecdotal, such reports suggest that intraoperative
diffusion imaging may provide important clinical
information, adding substantially to the intra-

operative information available about the patho-
logic state of the brain parenchyma and the
structure of white matter.

Diffusion tensor imaging in brain tumor therapy

DTI may play a role in the management of

patients undergoing radiation therapy and che-
motherapy. By adding information about the
location of white matter tracts, DTI tractography
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might be used successfully alongside fMRI for
radiosurgery planning. In theory, this should
allow a reduction of the dose applied as well as
a reduction in the volume of normal brain

irradiated with a high dose, hopefully reducing
necrosis [71].

DTI may also help in the early detection of

white matter injuries caused by chemotherapy and
radiation therapy. A report showed a correlation
between the reduction of FA values, young age at

treatment, an increased interval since the begin-
ning of treatment, and the poor intellectual out-
come in patients with medulloblastoma [91]. The

possibility of using FA or other DTI changes as
a biomarker for neurotoxicity is enticing.

Limitations

Although initial reports suggest advantages of
DTI in the evaluation of patients with brain

tumors, these reports are largely single-center,
uncontrolled, preliminary findings. Therefore,
these results must be cautiously interpreted. Fur-
thermore, there remain substantial technical hur-

dles, with the rapid evolution of MRI systems
making ever more powerful approaches possible.
Such improvements are particularly welcome,

given the limited signal-to-noise ratio of diffusion
overall. For example, the limited spatial resolu-
tion of EPI approaches may lead to reduced

sensitivity. The method herein assessed is only
capable of depicting the prominent fiber tracts
[70,92], and more advanced approaches (eg,

diffusion spectrum imaging) may be much more
useful in the future. Susceptibility artifacts can
cause image distortion that prevents DTI data
from being accurately analyzed [70], and numer-

ous other technical challenges remain. Neverthe-
less, these initial data are promising.

Summary

DTI seems to offer the possibility of adding
important information to presurgical planning.

Although experience is limited, DTI seems to
provide useful local information about the struc-
tures near the tumor, and this seems to be useful

in planning. In the future, DTI may provide an
improved way to monitor intraoperative surgical
procedures as well as their complications. Fur-

thermore, evaluation of the response to treat-
ment with chemotherapy and radiation therapy
might also be possible. Although DTI has some
limitations, its active investigation and further
study are clearly warranted.
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